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‘JheRate Dependence of Structure Evolution in Comer and its Influence on the
Stress-Str ain Behavior at Verv High Strain Rates

P.S. Follansbee, Los Alamos National Laboratory, Materials Science and
Technology Division, Los Alamos, NM. , USA

Introduction
A conqtitutive description of the deformation copper based on the internal-
state-variable model of Kocks (1) and Mecking and Kocks (2) has recently been
proposed (3). This model uses the mechanical threshold stress, or flow stress
at ClK, as an internal-state variable that represmts a mechanical measure of
the microstructural state. Another feature of the model is that evolution of
the internal-state variable (structure evolution) is treated separately from
the determination of the strain-rate and temperature dependent flow stress for
any microstructural state, This treatment was motivatt!d by the observation in
polycrystalline copper t at.9 [he yield stress at any standard strain rate and
temperature (e.g., i-10 s and 295 K) on samples prestrained at room
temperature to a constant strain varied with the strain rate of the prestrain
process, This is illustrated in ~~,~.1 which4shoys the stress-strain histories
for specimens def rme-~ s:? ~~di~~54~10 and ~-10 s-’ to a strain of t=.Is and
reloaded at t-10 The reload yield stress on the sample
deformed at the high strain rate exceeds that for the sample deformed at the
low strain rate by 45 MPa. These data illustrate the strain-late history
effect that has been reviewed recently by Klepaczko and Chiem (4), Figure 2
sl~ows the variation of the reload yield stress wi h s rain r te

-k -f
deformed again to 6-0.15 at strain rates from 10 s tq I?f s-for y“:y

evident in this figure that at strain rates exceeding 10 s the strain-rate
history effect becomes more pronounced; that iSb the strain-rate sensitivity,
mensured at constant strain in this plot, increases dramatically at high strain
rates . This is the same increased strain-rate sensitivity that is found in a
plot-of flow str,sss at the prestrain strain rate (rather than at the reload
strain rate) versus strain rate, These data indicate that the increased
strain-rate sensitivity found at these strain rates is not due to a change in
the rate controlling deformation mechanism but rather is a strain-rate his:ory
effect,

Ir, pre~:ious ,~t~~d~es we have quan~if~ed t)lese observations (5) and have flt the

btihaviur to the.Kocks/Mecking internal-state-variable constitutive model, The
purpose of the work reported here is to add tho influence of dislocation drag
(phonon drag) at high strain rates and to extrapolate the model. beyond the
strain-rate regime to which it has been fit.

ThtrModol
For any microstructural state, represented by the mechanical threshold stress
8, deformation is ussumod to be controlled by the thermally nctivated
internc:lon~ lwtw~etl mobile dlsloctit!ons and forest dislocations and to he
describ(’d by a phoncmenologlcal law of the form (3)
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Evolution of the structure parameter 6 is considered as the balance between
dislocation accumulation and dynamic recovery and the strain-hardening rate
#-&/de is used to characterize the differential variation of the structure
parameter with strain. We assume that the structure will eventually saturate
at a strain-rate and temperature dependent stress a , leading to a zero rate of
strain hardening and we model the strain-hardening ~ehavior usinE an equation
of the form

where d is
F is ch~sen

where

This choice

the strain-hardeninE due to dislocation accumulation and the factor
from experimental results to be

for F is made solely to fit the experimental results and we do not
imply any physical si~nificancn-to this form. ‘However, this F is only slightly
different from F-1, which represents Vote l~w behavior (1). The strain-rate
and temperature dependence of the snturatlon stress u is introduced using a
phenomenological cross-sllp model (1,6) which is writ?en

where i , A, and u~o
10 -1

are constants (6.2x1O s , 0.3i2, and 900 MPA,
respect?~ely) .

One significant. difference between the form of Equ. 2 found to describe the
copper results ovt’rn w~de range of strain rates and that used earlier over a
limited range of strain rates (1,2) is that at high strain rates the data fits
indicnte a strain-rate dependence to the Oo term, given by

The linenr term in t:is expression hcgins to con!.rtbute significantly at atruin
!I

rates exceeding 3x1O s-l which yields the strong history dependence or
constant-strain, strnin-rate sensitivity found at these high st:~in-~ntes,
Clearly, Equ, 5 can not be valid at strain rate~ greater than 10 s be<ause
the # term rises nhove the shear modulus at this strain rate, Thus for
predi~tions at strain rates greater than this, the maximum # value will he
re~tricted to the shear modulus, We do not understari[lthe o?igin of the
enhe.need dislocntlon generation ra~e b’.ltspeculated in (3) that the dislocnt!.on
storage distance ml[;lltbecome dislocation v~locity, or phonon dtng, limitc(l at
rhese strain rates. The addttlon of phonon drag controlled deformation to rho
model, which is t.ho~ul]joct of the next section, appeaig tG shrti further llght
on this issue.

4
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where a is a constant of ord~.r 0.5, A is the mean distance between obstacles,
is the time spent waiting for thermal energy to assist a dislocation past an

SILtacle, t is the t}~e :*ent running to the next obstacle, u is the jump or
attempt fre~uency (10 s ), and AG ~.sthe activation energy,”which can be
deduced from Equ. 1. The running time is the mean distance between obstacles
divided by the dr.ig controlled velocity, which vlelds

where M is a Taylor facto-rand B is the drag coefficient. To restrict the

%s%;:~y2ve:0citY

to values less than the shear wave velocity
-2 70 m/s at 295 K) we replace the constant drag coefficient with

anseffecti~’e drag coefficient,

B.
2 )12

B= [ (
(~]j”z = ‘O + ~a~

~?
(F)

r 1-
where B i~5thekdrag coeff~ci~nt deduced from ultr~sonic or etch pit techniques
(B -4.3;10 Pa s). The value of A is the only remaining unknown and for this
we”wl,ll investigate two possibilities; the first.assumes that A is a constant
while for the second we assume thnt

1. A Constant
Equation 7 with Equ. 8 can be substituted for Equ, 1 and solved for the flow
stress for any combination of strain rate, temperature, and ❑echanical
threshold stress, Predictions for the variation of the flow stress with strain
rate as a function of strain are shown in Fig,

3 ‘or ‘-1 tim?Tdi;-:~: ::”th:l’e
gradual increase in strain-rate sensitivity found at i==10 s
rapid evolution predicted in Equ.55, -lThe dramatic increasg inlstrain-rate
sensitivity found at roughly i-10 s for A-1 pm and ?-10 s- fcr A-Oml pm is
due to the contribution of dislocation drag to the deformation kinetics. Aa
expected, the strain rnte where dislocation drag begins to limit deformation ia
inversely related to the assumed average spacing between obstacles.

2. A Determined from Equ, 9
A more realistic treatment is to assume that the average spacing between
obstacles is inversely related to the square-root of the total dislocation
density, as given in Equ, 9, This allowai for the value of A to vary with
strain as WQ1l as with strain rate and temperature, The predicted variation of

the flow stress at c-O.1O with strain rate is shown in Fig. 4. The different
regimes of behavior are j.dentifieclin this figure and the trends in absence of
a relativistic limlt to the dislocation velocity and in absence of dislocat!o
dr g effects completely also are illustrated,

!
#

At strain rate~ exceeding ?-10
the strain-rate sensitivity is predicted to abruptly decrease as the

strain-hardening rnte due to dislocation accumulation is restricted to the
vnlue of the shear modulus, Figure 5 gives tho predicted behavior as a
function of strain, It is evident thnt an actual yield drop is predicted.
This is more clearly sho~ iplFig. 6 which Rives stress-strain curves for

#
st ain rates from 1 to 10 s . The yield drop found at strain rates of i>103

is due to the low total dlslocntlon density and the high VUIIMI of A
pradlctad initlnlly, Deformation at low ~trains and high strnln rnt.~s, th~m, [R
!n the dislocation drug controlled regime which lends to thw hi~h lnlt:Inl
stress levels,



fit cf the modeling procedure outlined earlier to an extensive series of data.
At higher strain rates, the predicted behavior is found by extrapolating the

model beyond the regime to which it has been fit, Such extrapolations are
valid only if the physical deformation processes that have been modeled remai~
the same. Although experimental results at the higher strain rates required to
test the predictions are difficult to obtain, Fig.

7 ‘hews ‘ne ‘omp5r%!*(y:;h
two results of Clifton on similar material ht a strain rate of 5x1O s
The predicted behavior at very low strains differs markedly from that measured,
but it is unclear whether a ,yield drop such as that predicted could be resolved
in this experiment. The deviations between experiment and predicted behavior
at larger strains are not serious when the difference in stress state between
the pressure/shear experiment and the uniaxial compression expe~imental results
used to fit the model is accounted for through a Taylor factor. One feature of
the experimental results which is predicted is the apparent lack of strain
hardening at strains exceeding c-O.1O. This is a result of the rapid strain-
hardening rate at low strains and thus the early saturation of tha dislocation
substructure, This indicates that at high strain rates the stress-strain
curves tend toward perfect plastic behavior. This trend illustrates one of the
limits imposed by the physically-based modeling procedure described earlier.
Another limit is that imposed by the shear modulus on the dislocation
accumulation rate, or d , in E~u.-~, vhlch as shown in Figs. 4 and 5, begins to
influence the behavior ~t ~-10 s ,

The curves in Figs. 3-5 indicate a limit to the imposed strain rate that can be
sustained by the deformation mechanisms considered }n t~e model, For the
curves in Figs, 4 and 5, this limit is roughly i-10 s- . It is expected that
when the stress begins to rise as abruptly as shown in these figures,
deformation twinning or localized deformation in the form of shear bands may
begin to contribute to the deformation process.

T~e high stresses found near yield at strain rates exceeding 103 s
-1

were
descril]ed as resulting from the low initial dislocation density and the
influence of dislocation drag on the st.resa required to move these dislocations
at the required h[gh velocities, Yield drops such as those shown {n Fig. 6 are
more typical of hcc metals, and indeed the explanation of this behavior
generally focuses on the low initial mobile dislocation density, Models for the
yield region that combine an assumed dislocation generation law and the
experimentally measured stress dependence of the dislocation velocity have been
previously proposed.(n) Yield drops also have been observed in f“ccmetals
(12) and, although their presence is often argued t.obe an e~perimental
artifact, experiments by Harding indicated that the measured high yield
stresses and subsequent yield drops were a true material response to the
Imposad dynamic lnading condition~, (12)

The significance. of the predicted yield behavior shown in Fig. 6 is that3th~1
high yield st:res%os In copper are not generated until. strain rates of 10 s
are ~xceeded. This c(jt-relateswell with the increased dlsl.ocatlon accumulntloll
rate expressed by Equ, 5 which was found to explain the lrcreasod strairr-rnto
senaitivttv at high strain rates. Thus, whereaa we speculated previously (3)
about the m~chanlstic processes thut could le~d to the observed rapid
dislocation g~ncrntion rates, ttr~ipr{~dlct.inns shown in Fig. 6 suggest that tl)c
high initlnl sl.te~ge~ may directly he responsible for this behavior, The
stress to operate a dislm!at Ion source, for instnnce, is relat~d to the
dislncntion llne t.enslonT nnd the spa~lng between obstacles L by



From this relation, ole could predict that the high initial stress levels at
high strain rates would activate sources that would have remained inactive at
lower strain rates, which could explain che observed rapid dislocation

accumulation rate. The model presented earlier, and in particular the
expression given for the dislocation accumulation rate in Equ. 5, does not
account for the stress dependence of # , This likely would be difficult to do
without a detailed understanding of th~ distribution of loop lengths that could
be activated and the evolution of this distribution with strain.

Conclusions
A model for the deformation of copper over a wide range of strain rates has
been ❑edified to account for the contribution of dislocation drag at high
strain rates. The ❑ain effect of adding $h~:lmechanism is found in the near

yield region Et :frain rates exceeding 10 s . However, even at strain rates
as high as 10 s the rate controlling deformation mechanism at strains
greater than roughly c-O.1 is thermal activation. It is postulated that t e

9 -1
high stresses predicted at yield when the strain rates are raised above 10 s
may lead to the rapid dislocation accumulation rates that have been found
experimentally and which lead to the increased strain-rate sensitivity reported
for copper and other metals at these strain rates.
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Fimre CaDtions

Fig. 1: Dynamic and quasi-static stress-strain curves for copper
followed by quasi-static reload stress-strain curves.

Fig. 2: Reload yield stress (;-10
-3

9-1) versus prestrain strain
rate.

Fig. 3: Stress at constant strain versus strain rate for
constant .4.

Fig. 4: Stress at t-O.10 versus strain rate for A given by Equ.
9.

Fig. 5: Stress at constant strain versus strain rate for A given
by Equ. 9.

Fig. 6: Predicted stress-strain curves for various constant
strain rates.

Fig. 7: Predicted stress-strain curve at ?-5x105 s-1 and
comparison with measurements by Clifton.
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